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Plant leaves play an important role in the fate of hydrophobic organic contaminants (HOCs) in the
environment. Yet much remains unknown about the permeability of leaves by HOCs. In this pilot study
we measured (i) the kinetics of mass transfer of three polycyclic aromatic hydrocarbons (PAHs) and six
polychlorinated biphenyls between a spiked and an unspiked sheet of polydimethylsiloxane (PDMS) in
direct contact with each other for 24 h and (ii) kinetics of mass transfer of two PAHs through leaves and
low-density polyethylene (LDPE) in a passive dosing experiment by inserting these matrices between the
two sheets of PDMS for 48 h. The kinetics of mass transfer of ﬂuoranthene between PDMS sheets in direct
contact were a factor of 12 slower than those reported in the literature. The kinetics of mass transfer of
ﬂuorene and phenanthrene through leaves were within the range of those previously reported for 2,4-
dichlorophenoxyacetic acid through isolated cuticles. Our results provide a proof-of-concept demon-
stration that the passive dosing method applied in this study can be used to measure the mass transfer
coefﬁcients of organic chemicals through leaves. Key recommendations for future experiments are to
load the PDMS at the highest feasible concentrations to avoid working at analyte levels close to the limit
of detection, to keep the leaves moist and to minimize potential pathways for contamination of the PDMS
sheets by exposure to laboratory air.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The environmental fate of hydrophobic organic contaminants
(HOCs), including many persistent organic pollutants (POPs), is
affected by partitioning to vegetation, especially into the waxy
outer cuticle of leaves and needles (Simonich and Hites, 1995).
Foliage of trees in forested areas can increase the deposition of
semi-volatile organic compounds from the atmosphere to the soilolinius).
r Ltd. This is an open access articlein comparison with non-forested soils, through litter fall and wax
shedding, a phenomenon known as the forest ﬁlter effect
(Horstmann andMcLachlan,1998; Su andWania, 2005). In addition
to the potential of foliage to facilitate the transfer of POPs to soil,
vegetation consumed by herbivores is a vector for transfer of POPs
from the atmosphere to organisms higher up in the food chain
(Welsch-Pausch et al., 1995).
The variability in chemical uptake behavior of leaves of different
plant species remains largely unknown (K€omp and McLachlan,
1997; Riederer and Sch€onherr, 1985; Barber et al., 2004; Moeckel
et al., 2008). An improved understanding of how organic pollut-
ants are taken up by leaves would allow better predictions of the
fate of these chemicals in the environment and the related risksunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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data available on (i) partition ratios between leaves, air and water,
(ii) the kinetics of transfer of HOCs into and through leaves and (iii)
the variability of these partition ratios and transfer rates between
plant species.
In this study we have conducted pilot experiments aimed at
measuring the transfer kinetics of HOCs through leaves. The most
important part of the leaf with respect to the uptake kinetics of
POPs from air is believed to be the cuticle (Riederer, 1990), the
outermost layer of the leaf which is in direct contact with the at-
mosphere and provides protection against dehydration and in-
fections. Mass transfer coefﬁcients of organic compounds through
leaf cuticles have been measured by Riederer and Sch€onherr
(Riederer and Sch€onherr, 1985; Sch€onherr and Riederer, 1989;
Riederer, 1990; Kirsch et al., 1997) amongst others, for a wide va-
riety of plant species and chemicals but to a lesser extent for POPs
or similar chemicals, as discussed in the review by Barber and co-
workers (Barber et al., 2004).
The cuticle is a complex heterogeneous structure, consisting of a
combination of extractable lipids such as waxes that will dissolve in
organic solvents and polymeric lipids such as cutin and cutan (Nip
et al., 1986; Holloway, 1994; Gupta, 2014). Studies with isolated
cuticles that had the cuticular waxes removed showed an increase
in transfer rates of up to 4 orders of magnitude for the chemical
(2,4-dichlorophenoxy)acetic acid, indicating that highly organized
crystalline waxes in the outer layer of the cuticle can form an
effective barrier for the uptake of chemicals into leaves (Riederer
and Sch€onherr, 1985). The same authors also found a wide vari-
ability in the cuticle permeability between plant species, and that
the sorption capacity of isolated cuticles is much lower than that of
isolated cutin (Riederer and Sch€onherr, 1984), which was
conﬁrmed more recently for polycyclic aromatic hydrocarbons
(PAHs) (Chen et al., 2008; Li et al., 2010).
Recently, the silicone polydimethylsiloxane (PDMS) has been
employed in passive dosing studies designed to measure the ki-
netics of chemical transport across different media (Mayer et al.,
2005; Trapp et al., 2007; Kim et al., 2014; Li et al., 2016). There is
a wide range of literature on the use of PDMS for passive sampling
(Reichenberg et al., 2008; Jahnke et al., 2009) and dosing (Smith
et al., 2010). An approach to measure mass transfer coefﬁcients
using PDMS sheets was originally developed to quantify the effect
of medium composition on the diffusive mass transfer rates of
HOCs (Mayer et al., 2005) and was later applied to measure mass
transfer coefﬁcients of PAHs through slices of root vegetables such
as potato and carrot (Trapp et al., 2007). The measurements are
accomplished using two sheets of PDMS, one of which (the
“donor”) is loaded with the chemicals of interest, while the other
PDMS sheet is largely free of chemicals (the “acceptor”). Mass
transfer through the medium of interest can be measured by
placing it between the donor and acceptor sheets (Fig. 1) and
measuring the concentration of chemicals in the acceptor sheet
over time. An important advantage of this set-up is that it is not
required to measure the concentration in the leaves, which can be
difﬁcult to analyze. Amodiﬁed version of themethod by Trapp et al.Fig. 1. Experimental setup with the glass plates and the assembly in between pressed
together by magnets or metal clamps.(2007) using two donor layers was recently used to measure the
partition ratios of a wide range of PAHs betweenwater and isolated
cuticles from Euonymus japonicas (evergreen spindle), conﬁrming
the high uptake rate and sorption capacity of the leaf cuticle (Kim
et al., 2014).
Here, we report our application of the method of Trapp et al.
(2007) to measure the mass transfer coefﬁcients of several PAHs
and polychlorinated biphenyls (PCBs) between PDMS sheets in
direct contact with each other and the transfer of the PAHs ﬂuorene
and phenanthrene through leaves of two plant species and through
low-density polyethylene (LDPE). Our goal in this pilot experiment
was to test the applicability of the method to intact leaves, and to
make a ﬁrst set of measurements to determine how fast HOCs
penetrate leaves of different plant species. We discuss how our
results for intact leaves compare withmass transfer ratesmeasured
through isolated cuticles that have been reported in the literature.
2. Material and methods
2.1. Chemicals, solvents and materials
Methanol (HiPerSolv) was purchased from VWR Chemicals
(Fontenay-sous-Bois, France). Acetone and isooctane (Suprasolv)
were obtained from Merck (Darmstadt, Germany). Water was pu-
riﬁed by a Milli-Q water puriﬁcation system (Merck, Darmstadt,
Germany). All chemical standards were purchased from Larodan
(Solna, Sweden). The analytes used in this study, presented in detail
in Table s1, were a range of PAHs and PCBs with well characterized
physicochemical properties. Each of the target compounds had a
corresponding internal standard, either deuterated (PAHs) or
carbon-13 labeled (PCBs), that was spiked to the extraction solvent.
PCB 53 was used as a recovery reference standard, which was
spiked to the ﬁnal extracts before analysis.
PDMS sheets of the type SSP-M823 with a thickness of 610 mm
and a density between 1.12 and 1.16 g/mL were obtained from
Shielding solutions (Essex, U.K.), the European distributor of Spe-
cialty Silicone Products. PDMS sheets were ﬁrst cut with a scalpel
into rectangles measuring 18  28 mm and were then washed
twice in methanol over a total period of at least 48 h.
Four different matrices were prepared to be placed between the
two PDMS sheets. Leaves from romaine lettuce (Lactuca sativa var.
longifolia Lam.) and a Hydrangea species were obtained from a local
vendor and rhododendron leaves (Rhododendron ponticum L.) were
collected from a bush on the Stockholm University campus. These
plant species were chosen because of their availability and because
they showed large differences in the morphology of their leaves. All
the leaves were wiped gently with wet paper tissues to remove dirt
and then blotted dry. Carewas taken not to use any leaves that were
damaged. Experiments were performed on sections cut with a
scalpel from random areas of the leaves that excluded the central
vein, and on pieces of LDPE cut with a scalpel from plastic zipper
storage bags (Grippie, b.n.t Scandinavia ab., Arl€ov, Sweden) and
rinsed usingmethanol. All matrices were cut to the same size as the
PDMS sheets. The mass of LDPE used in the experiment was on
average 7.3% ± 3.1% (Stdev.) of the total mass of the PDMS donor and
acceptor. The thickness of each of the matrices was measured using
a caliper and is presented in Table s1.
2.2. Loading of the PDMS donor sheets
Loading of the PDMS sheets with PAHs and PCBs was achieved
using a similar method to that used by Birch and colleagues for
passive dosing vials (Birch et al., 2010). The sheets were transferred
to a glass beaker containing 75 mL of methanol, to which 1 mg of
each chemical dissolved in isooctane was added. The glass beaker
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water were added every 15 min until a total volume (methanol
plus water) of 400 mL was reached. This procedure is designed to
force the HOCs into the PDMS. The PDMS sheets and the loading
solution were left to equilibrate for 48 h after which the loaded
PDMS was transferred to Milli-Q water for 1 h to remove the
remaining methanol. The sheets were then removed from the
water and left to dry overnight before being used in the experi-
ments. Three replicates of the loaded PDMS sheets were analyzed
directly after drying to determine the chemical concentrations in
the loaded sheets.
2.3. Experimental design
Our experimental apparatus was similar to that used by Trapp
et al. (2007). It included a loaded “donor” PDMS sheet that had
been dosedwith PAHs and PCBs and a clean “acceptor” PDMS sheet.
These sandwiches were covered by thin glass plates and pressed
together using either magnets or metal clamps (Fig. 1). We con-
ducted two types of experiments. In the ﬁrst experiment, the two
PDMS sheets were placed in direct contact with each other to
measure diffusive mass transfer of PAHs and PCBs between two
sheets of PDMS without barriers. In the second experiment, we
placed different matrices between the two PDMS sheets. The ﬁrst
experiment allowed us to compare our results with those from
Trapp et al. (2007), while serving at the same time as a reference
point to evaluate the results from the second experiment. When
leaveswere used, the donor was always brought in contact with the
adaxial (top) surface of the leaf. All experiments were performed at
room temperature (20 C ± 1 C).
For eachmatrix triplicate donor/acceptor sheet pairs were taken
at different time points over the course of 24 h for the direct contact
experiment (at t ¼ 0, 0.25, 0.5, 1, 2, 4, 8, 24 h) or 48 h for the ex-
periments including the matrices between the PDMS sheets (at
t ¼ 0, 4, 21, 27, 48 h) and analyzed separately to determine the
diffusive mass transfer rates. Following extraction and chemical
analysis, we calculated the percentage of analytes from each system
(donor þ acceptor ¼ 100%) that was located in the acceptor. Rate
constants and mass transfer coefﬁcients for diffusion of chemicals
from the donor to the acceptor were then calculated using
Graphpad Prism by ﬁtting a one-phase association curve to the
experimental data in the form of Eq. (1) where Y represents the
percentage of analytes in the acceptor, Ymax is the maximum per-
centage of analytes in the acceptor (set at 50%), t represents the
time (h) and the two ﬁtting parameters are the rate constant k (h1)
and Y (0), the initial percentage of analytes present in the acceptor
PDMS:
YðtÞ ¼ Yð0Þ þ ðYmax  Yð0ÞÞ 

1 ekt

(1)
The ﬁtted rate constant k was then used to calculate the mass
transfer coefﬁcient kc (m h1) as described in Eq. (2) where z is the
distance of transfer through the medium.
kc ¼ k  z (2)
The half-time (h) to reach an equal distribution between the
donor and acceptor disk, t1/2, was calculated using Eq. (3).
t1 =2 ¼ lnð2Þ=k (3)
2.4. Extraction procedure
Each PDMS sheet was transferred separately to a vial containing6 mL of acetone spiked with 50 ng of each of the internal standards
and then left for extraction for 24 h. The solvent was then trans-
ferred to another vial and the samples were blown down to roughly
500 mL using a gentle stream of nitrogen, solvent-exchanged to
isooctane and spiked with 50 ng of PCB 53. In our ﬁrst experiment,
the sample extract contained suspended particles that we suspect
were deposited to the PDMS from laboratory air during the drying
step. These particles were removed using a Teﬂon syringe ﬁlter
before the addition of PCB 53. The ﬁnal volume of the extracts was
approx. 500 mL.
2.5. Chemical analysis
The samples were analyzed on a gas chromatograph (Trace
1300, Thermo Scientiﬁc, U.S.) using a 30 m 5% phenyl-
methylpolysiloxane column (0.25 mm i.d./0.25 mm ﬁlm thickness,
TG-5SilMS, Thermo Scientiﬁc, U.S.) coupled to a single quadrupole
mass spectrometer (ISQ LT, Thermo Scientiﬁc, U.S.). The oven pro-
gram was set to start at 70 C, hold for 1 min, ramp to 160 C at
40 C/minute, hold again for 1 min, ramp to 266 C at 8 C/minute
and ﬁnally ramp to 320 C at 50 C/minute with a hold time of
5 min. 1 mL of the samples was injected to a PTV injector set at
250 C and run in splitless mode with helium carrier gas at a ﬂow
rate of 1 mL/min. The MS was set to work in electron impact (EI)
mode with selective ion monitoring (SIM). The temperature of the
ion sourcewas set at 250 C and the transfer linewas kept at 300 C.
The ions used for each of the analytes can be found in Table s2.
2.6. Quality assurance/quality control
The identiﬁcation of the compoundswas conﬁrmed using native
and labeled standards for each compound. The areas of two m/z
were summed up for the quantiﬁcation of each compound to
achieve higher intensities and lower levels of noise on the MS. The
ratio of both ionswas compared regularly to that in the standards to
ensure proper identiﬁcation.
The method quantiﬁcation limit (MQL) was calculated from
analysis of three blank PDMS sheets that had followed the identical
extraction procedure as the samples by taking the sum of the
average concentration of the analytes in the blanks and 9 times the
standard deviation of the blank concentrations. The method
detection limit (MDL)was calculated as the average plus 3 times the
standard deviation of the concentrations in the blanks. Two addi-
tional sets of blank pairs were deployed in each experiment to
monitor potential cross-contamination in the fume hood during
the experiment, with an exposure time of 4 h and 24 h for the direct
contact experiment and 18 h and 44 h for the experiment with
different matrices between the PDMS sheets.
3. Results
3.1. PDMS loading procedure
Concentrations of HOCs in the loaded PDMS sheets ranged from
7.0 to 24.2 ng/g for the direct contact experiment and from 15.7 to
50.3 ng/g PDMS for the experiment with matrices introduced be-
tween the PDMS sheets, while coefﬁcients of variance (c.v.) be-
tween replicates were 19.6% (±7.0%) and 10.9% (±3.4%),
respectively.
3.2. Quality assurance/quality control
Concentrations of PAHs measured in the blanks at the start of
the experiment, hereafter referred to as the “initial blanks”, were
lower than those measured after several hours of exposure in the
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contamination occurred in the fume hood (Fig. s1). The difference
between the two types of blanks was less pronounced for the PCBs.
All of the PAHs could be detected in the initial blanks at levels up
to 5 ng/g PDMS (for naphthalene). The levels of PCBs in the initial
blanks were markedly lower and did not exceed 0.33 ng/g PDMS
(PCB 118), while PCB 153 and PCB 180 could not be detected. The
MQLs based on the initial blank concentrations ranged from 0.22 to
5.66 ng/g PDMS, and can be found in Table s3, together with the
recoveries determined using PCB 53 as recovery standard. The re-
coveries ranged from 73 to 115% with an average of 107%.
The blank concentrations were substantially lower in the second
experiment which included the matrices inserted between the
donor and acceptor PDMS sheets. The difference can likely be
explained by a change in our experimental protocol. In the ﬁrst
experiment that examined mass transfer between PDMS sheets in
direct contact, we laid out all PDMS sheets in a fume hood during
the overnight drying step. Upon analysis, we observed particulate
matter suspended in the extraction solvent that was removed with
syringe ﬁlters. In the second experiment we stored the acceptor
PDMS sheets and blanks in separate desiccators from the donor
PDMS sheets during the overnight drying step, which likely pre-
vented transfer of PAHs and PCBs between the PDMS sheets
through the air and also prevented particulate matter from settling
on the PDMS, since particles were not observed in the extracts of
the second experiment.
For all experiments, we subtracted the average concentrationFig. 2. Percentage of compounds transferred to the acceptor over time for PDMS sheets in d
50%. Hollow circles represent samples <MQL but >MDL which were included in the regresfound in the exposure blanks from our measured concentrations
prior to calculating the paired acceptor/donor concentration ratios.3.3. Experiment 1: Mass transfer between PDMS sheets in direct
contact
In the experiments with direct contact between PDMS sheets,
close to 50% of the total chemical load of most chemicals was
transferred from the donor to the acceptor PDMS sheet within 24 h
(Fig. 2). For naphthalene, ﬂuorene and anthracene, 40% or more of
the acceptor samples were <MDL while analytical issues prevented
the analysis of PCB 101, so results for these four compounds are not
shown.
The variability in transfer rates was correlated with the molec-
ular volume of the compounds (p ¼ 0.015 and 0.004 with pyrene
included or excluded from the analysis respectively), as indicated in
Fig. 3. No signiﬁcant correlation (a ¼ 5%) was found between the
total amount of analyte in the system (donor þ acceptor) and time,
indicating that there was no measurable accumulation or loss of
chemicals from the system.3.4. Experiment 2: Mass transfer through LDPE and plant leaves
Although the MDLs were signiﬁcantly lower in this experiment
and the experiments were run for 48 h, only the levels of phen-
anthrene and ﬂuorene could be measured in the acceptor PDMS
(Fig. 4). There were no samples < MQL for these compounds inirect contact (experiment 1). The ﬁtted curve is of the form of Eq. (1) with Ymax set at
sion analysis.
Fig. 3. The rate constants for mass transfer between two PDMS sheets in direct contact
over each compound's molecular volume with the 95% conﬁdence interval. Pyrene
(hollow circle) was left out of the regression analysis as a suspected outlier (increasing
the R2 from 0.60 to 0.78). McGowan volumes were taken from the UFZ-LSER database
(Endo et al., 2015).
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across the matrix, but at the other extreme, all acceptor PDMS
samples were <MDL for rhododendron leaves (Table s3). Good
model ﬁts to the data were obtained in all cases except for phen-
anthrene diffusion through romaine lettuce (Fig. 4).
For the leaf samples, waterwas gradually lost from the system as
observed from monitoring their weight over the course of the
experiment. The weight loss can be ﬁt by an exponential curve,
with the highest rate of weight loss occurring in the ﬁrst 27 h
(Fig. s2).
The rate constant for the transfer of phenanthrene through the
different matrices in experiment 2 was 1e2 orders of magnitude
lower than the one measured for direct contact between the PDMS
sheets in experiment 1 (Fig. 2). From Table 1, it can be seen that forFig. 4. Percentage of compounds transferred through a matrix to the acceptor over time for
through hydrangea leaves, romaine lettuce leaves and low-density polyethylene (LDPE). All a
samples collected at 4 h of exposure were <MQL but >MDL (indicated by open symbols). Th
were used to ﬁt the curve.both phenanthrene and ﬂuorene, LDPE was the matrix with the
highest rate constant k, differing by roughly a factor 5 to 7 from the
rate constants measured through leaves of hydrangea sp. and
romaine lettuce. Therewas nomeasurable difference between the k
values of ﬂuorene for the leaves of the hydrangea species and
romaine lettuce. Diffusion through rhododendron leaves was likely
the slowest. None of the compounds in the acceptors reached
levels > MDL during our 48 h experiment. As the matrices varied
widely in thickness however, it is the mass transfer coefﬁcient kc
that is most useful in comparing the permeability of the different
matrices (Table 1). The fastest diffusion for the compounds was
again through LDPE but the difference between LDPE and the leaves
was in this case reduced to a factor 2.
In contrast to the direct contact experiment, there was a sig-
niﬁcant negative correlation (a¼ 10%) between the total amount of
analytes in the PDMS sheets and time for LDPE (Table s4). This
result indicates that a small but signiﬁcant fraction of the chemicals
was sequestered in the LDPE during the experiment. For romaine
lettuce and hydrangea sp. the total amount of chemical in the PDMS
sheets showed no signiﬁcant trend for any of these analytes.4. Discussion
4.1. PDMS loading procedure
Our ﬁnal water/methanol ratio in the loading procedure was 17
times higher than that recommended by Booij et al. (2002), who
studied the effects of different water/methanol ratios on the
loading of PDMS with PAHs and PCBs. In our study the variability
between the loaded PDMS sheets was 2e3 times higher than the
within-batch variability that Booij et al. reported for loading sili-
cone tubing and LDPE with PAHs and PCBs (c.v. between 8.5 and
22% for the PAHs and between 5.8 and 33% for the PCBs). However,two target compounds with analyte levels in the acceptor sheets > MQL for diffusion
cceptor sheets were <MDL for rhododendron leaves. In the case of romaine lettuce, the
e ﬁtted curve is of the form of Eq. (1) with Ymax set at 50%, and all data points > MDL
Table 1
Rate constants (k) and mass transfer coefﬁcients (kc) with 95% conﬁdence intervals (in parentheses) for mass transfer of ﬂuorene and phenanthrene through the different
matrices.
Matrix Fluorene Phenanthrene
k (h1) kc (m h1) k (h1) kc (m h1)
LDPE 1.70 (1.23e2.19)  102 3.40 (2.45e4.38)  106 1.47 (1.16e1.78)  102 2.93 (2.32e3.56)  106
Romaine lettuce 2.45 (0.80e4.12)  103 1.72 (0.56e2.89)  106 / /
Hydrangea sp. 2.75 (1.74e3.77)  103 1.65 (1.04e2.26)  106 3.61 (2.82e4.40)  103 2.17 (1.69e2.64)  106
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sheets in the present study cancel out in our data treatment since
the kinetics of mass transfer are determined from plots of con-
centration ratios in paired donor/acceptor PDMS sheets.4.2. Quality assurance/quality control
The blanks in experiment 2 had lower levels of the target
compounds than blanks in experiment 1. In the second experiment
the donor and acceptor PDMS sheets were dried in separate des-
sicators, which indicates that contamination of the blanks (and,
presumably also the samples) in experiment 1 was likely mostly
due to cross-contamination during the drying step prior to the
experiment itself. The particulate matter which had to be removed
from the ﬁnal extracts in the direct contact experiment was also
absent in experiment 2, and was a possible source of contamina-
tion. The higher levels of HOCs present in blanks from experiment 1
may have originated from the fume hood or from cross-
contamination from the loaded PDMS sheets during the experi-
ment. There was no clear time trend in concentrations of chemicals
in the exposure blanks of experiment 1 between 4 and 24 h of
exposure in the fume hood, so it seems unlikely that there was a
continuous source of contamination during the experiment
(Fig. s1). Furthermore, uptake from the air phase during the
experiment seems unlikely as the sheets were covered with glass
plates, leaving only a small section of the PDMS exposed to the air.4.3. Direct contact between PDMS sheets
The rate constant for mass transfer of ﬂuoranthene between
PDMS sheets that we measured was lower than that reported by
Mayer et al. (2005) by a factor of 11.8 (k¼ 2.24 h1 vs. k¼ 0.19 h1).
The discrepancy is larger than what can be expected from the fact
that different suppliers of PDMS were used in the two studies, as
Rusina and colleagues (Rusina et al., 2010) reported differences of
only up to a factor 1.55 (±0.12 stdev.) in the diffusion coefﬁcients
through two types of PDMS; Altesil and Silastic, for the compounds
measured in our study. While neither Altesil nor Silastic were used
in our study, the difference in density between the brands
(0.09 g cm3) is similar to that between the types of PDMS used in
our study and that of Mayer and colleagues (Mayer et al., 2005,
0.04e0.08 g cm3) and the difference in hardness is even larger (25
Shore A difference vs. 10 Shore A difference, respectively).
Assuming that the density and hardness of the polymer are
correlatedwith the crystallinity of thematrix and thus the diffusion
coefﬁcients, we would expect similar or smaller differences be-
tween the kinetics observed in our study and those reported by
Mayer et al. The temperature difference between this study and
that of Mayer et al. (2005) ranged between 3 and 6 C and is not
likely to have had a large impact on the mass transfer coefﬁcients.
While the magnets used in this study were identical to those
used byMayer and colleagues, the pressure exerted on the PDMS by
the magnets was reduced in our study by the use of glass plates
which distributed the force of the magnets more equally across thesurface of the PDMS. Our study also employed PDMS sheets that
were larger than the surface area of the magnets, in comparison
with slightly smaller surface areas as used byMayer et al. According
to Eq. (4) fromMayer et al. (2005), the rate constant k is inﬂuenced
by changes in the contact area (A) and the thickness of the layer
(Dx), which both could be affected by the difference in pressure
exerted on the PDMS. This ﬁnding alongside of differences in the
diffusion coefﬁcient (D) between the two types of PDMS (up to 1.55
according to Rusina et al., 2010) and the uncertainty in our mea-
surements could explain some of the differences that we observe
between our results and those fromMayer et al. (2005). V in Eq. (4)
stands for the volume of PDMS, a is the velocity constant and
KPDMS,medium the partition ratio between PDMS and the medium of
interest.
Eq. (4) from Mayer et al. (2005):
k ¼ 2 x a ¼ 2 x A
V* Dx
x
D
KPDMS; medium
(4)
Another large difference between the studies is the concentra-
tion of the analytes in the PDMS donors. In this study, the con-
centration of ﬂuoranthene in the donors was on average
1.15  104 mmol/L (±9.4  106 stdev.), while that in the study by
Mayer and colleagues was estimated at 2 mmol/L, approximately a
factor of 20 000 higher (Mayer et al., 2005). It seems unlikely
however, that this difference in concentrations could affect the rate
constants determined in the experiments. In a recent study with a
similar experimental setup (Kim et al., 2014), the initial concen-
trations of a range of PAHs in the PDMS sheets were shown not to
have a signiﬁcant inﬂuence on the cuticle/PDMS concentration
ratios over time. The concentrations of PAHs in the loading solu-
tions tested in that study ranged from 0.5 to 5 mmol/L (Kim et al.,
2014). However, the actual concentrations in the PDMS were not
reported. There is no evidence that the diffusion of chemicals in
PDMS is a strong function of chemical concentration from experi-
ence using PDMS as a passive sampler and as a stationary phase in
gas chromatography.
4.4. Diffusion through LDPE and plant leaves
The mass transfer rates through LDPE and leaves could be
measured for two of the tested analytes except for the rhododen-
dron leaves since HOC concentrations in the acceptor PDMS in that
case were <MDL. During the 48 h experiments, only a small frac-
tion, between 3.6 and 10.4% of the chemicals, reached the acceptor
sheets through the leaves, which corresponded to concentrations of
most of the compounds in the acceptors close to or below the MDL.
This issue could partially be circumvented by spiking the PDMS at
higher levels. Another option would have been to run the experi-
ment for a longer time. However, it is likely that the system be-
comes unstable after a certain period of time due to drying of the
leaves, an issue that has also been reported by Trapp and colleagues
when working with potato and carrot slices (Trapp et al., 2007).
Another issue with keeping the leaves in the system for longer
periods of time is that it is possible that the leaves will start to
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coefﬁcients. We conducted related trial studies using beech leaves,
and observed clear differences in the appearance of the leaves
when exposed for more than 48 h. Nevertheless, we successfully
measured concentrations of ﬂuorene and phenanthrene in the
acceptor PDMS for hydrangea, Romaine lettuce and LDPE.
As mentioned by Mayer et al. (2005), water in the matrix can
give rise to lower mass transfer rates. With leaves however, this
effect is expected to be small as the rate-limiting transport step for
the compounds used in this study is into the cuticle while the po-
tential for transport through an aqueous pathway is limited
(Sch€onherr and Riederer, 1989).
Mass transfer coefﬁcients through LDPE were higher than
through leaves, and as a polymer it is the matrix with the most
similar properties to the PDMS. In contrast to leaves, LDPE does not
have a pronounced crystalline structure such as that found in leaf
waxes (Riederer and Sch€onherr, 1985). PDMS/water and LDPE/wa-
ter partition ratios estimated for the compounds used in this study
did not differ by more than half an order of magnitude (Smedes
et al., 2009).
Our results for the different matrices sometimes showed a large
variability between the triplicates collected at the same time point
(Fig. 4). Some of the variability between replicates for the leaves
likely reﬂects variability in the properties of the matrix, since the
leaf sections were cut from random parts of the leaves (excluding
the central vein). A recent study reported that the permeation rate
of the fungicide tebuconazole through the cuticle could vary by a
factor of 4 between cuticle sections at the base and tip of the leaves,
indicating that leaf maturity plays an important role in the transfer
rates of compounds through the cuticle (Fagerstr€om et al., 2013).
The variability of the mass transfer coefﬁcients between different
matrices is consistent with permeability studies on isolated cuti-
cles, where results often span several orders of magnitude
depending on the plant species involved (Riederer and Sch€onherr,
1985).
While there is a large amount of data in the literature on the
permeability of isolated cuticles to various chemicals (Kirsch et al.,
1997; Li et al., 2016; Riederer and Sch€onherr, 1985), we are not
aware of any other data on mass transfer coefﬁcients of HOCs with
log KOW values above 4 through intact leaves. However, Kirsch and
coworkers found evidence that mass transfer coefﬁcients through
isolated cuticles closely reﬂect those through intact leaves if the
cuticles are kept at room temperature for several weeks before use,
so that potential damage inﬂicted by the extraction procedure is
prevented (Kirsch et al., 1997). Assuming that observation holds
true for the HOCs used in our study allows us to tentatively
compare our data with those measured for isolated cuticles. The kc
value reported in this study for phenanthrene through the leaves of
a hydrangea plant (2.17  106 m h1) was smaller than that re-
ported in the literature for isolated cuticles of green pepper (2.77 
103 m h1, Li et al., 2016). However, the kc values of phenanthrene
and those of ﬂuorene measured through the leaves of romaine
lettuce and a hydrangea plant were within the range measured
through cuticles from a variety of leaves for (2,4-dichlorophenoxy)
acetic acid (3.6  107 m h1 to 9.8  105 m h1, Riederer and
Sch€onherr, 1985). While both studies mention that the isolated
cuticles were dried and kept at room temperature, it is not clear if
this time was sufﬁcient for the cuticles to reach their original
permeability for the chemicals.
Kirsch and coworkers (Kirsch et al., 1997) noted that one of the
major reasons why isolated cuticles are used to measure mass
transfer coefﬁcients instead of intact leaves is because it is much
less laborious to work with the cuticles. The approach applied in
our study is simple and fast, however, and if MDLs for the acceptor
PDMS can be sufﬁciently reduced, or if the dosing concentrationsare increased accordingly it has a large potential to provide a viable
alternative to measuring kinetics of mass transfer through isolated
cuticles if translaminar kinetics are of interest. In addition it is not
necessary to wait several weeks for the cuticles to repair them-
selves. A downside of this method however is that the leaves have
to be measured soon after they have been removed from the plants
and that they cannot be stored at room temperature for extended
time periods. It is not possible to use this method with dried leaves
as they are too brittle to be sandwiched between the PDMS sheets.
5. Conclusions
In this study we used PDMS sheets loaded with chemicals to
measure the kinetics of diffusion of HOCs between PDMS sheets in
direct contact with each other and through leaves of two different
plant species and LDPE. The measured mass transfer rates of HOCs
between two PDMS sheets in direct contact reported here were
lower than those measured by Mayer and colleagues by up to more
than an order of magnitude (Mayer et al., 2005). This discrepancy
can only partly be explained by differences attributable to the type
of PDMS used in the experiment. It may be that differences in
pressure exerted on the PDMS by the magnets and clamps are an
inﬂuencing factor.
The mass transfer rates of ﬂuorene through leaves did not differ
between leaves of a hydrangea species and romaine lettuce and
were within the range of those reported for 2,4-
dichlorophenoxyacetic acid through isolated cuticles from a
variety of plant species. The observed differences are well within
the range that can be expected however, as the permeability of a
single chemical is known to differ by several orders of magnitude
between isolated cuticles from different plant species (Riederer
and Sch€onherr, 1985). Mass transfer rates through rhododendron
leaves were likely too slow to be measured in this study (acceptor
PDMS sheets < MDL).
For future experiments with a similar setup, we recommend
that the PDMS sheets should be loaded at higher levels and kept
covered at all times to avoid the potential for contamination by
settling particulate matter. With those modiﬁcations, the method
has good potential to be used in studies of the translaminar mass
transfer of HOCs in intact plant leaves. One possible application
would be to measure how fast HOCs sorbed to the adaxial leaf
surface of husks of protected produce, such asmaize, can transfer to
the abaxial side of the leaves and become available for further
transport into the cob.
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